One-dimensional ZnO nanodot arrays have been realized by metalorganic chemical vapor deposition on SiO 2 substrates patterned by focused ion beam (FIB). Especially for the lines with the depth of 5 nm and the length of 0.7, 1.3 or 1.7 mm, one, two or three nanodots, respectively, of fairly uniform size 6-nm height and 80-nm width are symmetrically accommodated in a line. These phenomena are translated as "self-tailoring" of ZnO nanodots, i.e., where the nanodots will be is predetermined before the growth and is arbitrarily controlled by the nanopatterns. This can be a promising technique to build nanostructure blocks for nanoscale device applications. In recent, ZnO nanostructures 1-3) have been intensively investigated for nanoscale optoelectronic device applications due to the unique excitonic properties of ZnO such as large exciton binding energy of 60 meV and biexciton energy of 15 meV at room temperature (RT).
One-dimensional ZnO nanodot arrays have been realized by metalorganic chemical vapor deposition on SiO 2 substrates patterned by focused ion beam (FIB). Especially for the lines with the depth of 5 nm and the length of 0.7, 1.3 or 1.7 mm, one, two or three nanodots, respectively, of fairly uniform size 6-nm height and 80-nm width are symmetrically accommodated in a line. These phenomena are translated as "self-tailoring" of ZnO nanodots, i.e., where the nanodots will be is predetermined before the growth and is arbitrarily controlled by the nanopatterns. This can be a promising technique to build nanostructure blocks for nanoscale device applications. In recent, ZnO nanostructures 1-3) have been intensively investigated for nanoscale optoelectronic device applications due to the unique excitonic properties of ZnO such as large exciton binding energy of 60 meV and biexciton energy of 15 meV at room temperature (RT). 4) Up to now, the fabrication of ZnO nanostructures has only depended on moderate self-assembly techniques. Although self-assembly techniques have opened the way for the formation of semiconductor nanostructures on large areas in a single process step, 5 ) the need to control the self-assembly process is accelerating to build nanoscale technologies. The fabrication of semiconductor nanostructures using bottom-up approach is usually composed of complicate processes such as lithography, etching and growth. In this regard, a method to realize nanostructures with simple processes is highly desirable. Focused ion beam (FIB) has attracted the attention as an important tool allowing maskless processes for nanoscale integrated circuits. 6, 7) In this letter, we report the phenomenon which leads to the formation of highly ordered one-dimensional (1D) ZnO nanodot arrays without any helps of catalysts 8, 9) formed by metalorganic chemical vapor deposition (MOCVD) on FIB-nanopatterned SiO 2 substrates by "self-tailoring". This phenomenon allows us artificial control of the position of the semiconductor nanodots, which can eliminate the bottlenecks in the use of self-assembled semiconductor nanostructures for manufacturing nanoscale devices.
After a conventional cleaning treatment using acetone and methanol was carried out, thermally formed SiO 2 (50 nm)/Si samples were immediately transferred into the FIB chamber (SEIKO SMI-2050). Nanopatterned lines in 8 Â 8 mm 2 fields were formed by FIB on SiO 2 /Si substrates using 30 keV Ga þ ions at a beam current of 48 pA with an ion dose of 1:7 Â 10 15 cm À2 . The estimated diameter of the beam was 23 nm. Dynamic force microscope (DFM, SEIKO SPA-400) crosssectional images exhibited V-shaped FIB-nanopatterned lines, where the sputtered depth of SiO 2 /Si substrates was either 20, 7 or 5 nm and the widths of individual nanopatterned lines at the SiO 2 surface were estimated as 340 (the sputter depth of 20 nm) or 300 (that of 7 and 5 nm) nm.
ZnO nanodots on the nanopatterned SiO 2 /Si substrates were grown by MOCVD using nitrous oxide (N 2 O) gas as an oxygen source and diethylzinc (DEZn) as a zinc source at 700 C. Typical flow rate of DEZn was 1 mmol/min with that of N 2 O 7000 mmol/min, and the total pressure of the reactor was fixed at 200 Torr. 10, 11) The grown patterns of ZnO nanodots were studied by DFM and field-effect scannning electron microscope (FE-SEM, JEOL JSM-7400). Cathodoluminescence (CL, JEOL JSM-6500F) measurements were carried out to characterize optical properties of ZnO nanodots at RT.
Previously we have conducted the growth of ZnO nanodots at 400-550 C on planar SiO 2 and have shown that self-assembled ZnO nanodots are formed at random positions. 3, 10, 11) On the other hand, the growth experiments on patterned SiO 2 in the present study have been conducted at 700 C, where the reevaporation of reaction species is much enhanced on planar SiO 2 . As a result, densely packed ZnO nanodots were selectively grown for 22 s in the nanopatterned lines with a sputter depth of 20 nm as shown in Fig. 1(a) . Taking notice of this result, we newly designed the nanopatterned lines in order to study the formation pattern of ZnO nanodots. Astonishingly, highly ordered ZnO nanodots in a 1D array were formed on 7 nm-sputtered nanopatterns as shown in Fig. 1 
(b).
Next we investigated the growth characteristics of ZnO nanodots in terms of the length of the nanopattern. The ZnO nanodots were grown with the same growth condition, except for the growth time of 12 s, as that employed for Fig. 1 on SiO 2 /Si substrates with nanopatterned lines. Figure  2 (a) shows a DFM image of the sample surface where the nanopatterns with different lengths L ¼ 0:3{5:2 mm were formed. It should be noticed that self-assembled ZnO nanodots are hardly found on the planar SiO 2 surface in the present growth condition. This can be attributed to low adhesion probability of ZnO on SiO 2 at higher growth temperatures. 10) Figure 2(b) is an FE-SEM image of another sample surface where the nanopatterns with the lengths of L ¼ 0:7, 1.7 and 6 mm are repeatedly formed. In Fig. 2(a) , no dot is seen in the shortest pattern P 0 (L ¼ 0:3 mm), while a single dot is present at the center of the pattern P 1 (L ¼ 0:7 mm). Reproducible formation of a single dot at the center of the pattern P 1 (L ¼ 0:7 mm) is apparently confirmed in Fig. 2(b) . For the pattern P 2 (L ¼ 1:3 mm), as shown in Fig.  2(a) , two dots are symmetrically located in the pattern. The patterns P 3 (L ¼ 1:7 mm), as shown in Fig. 2(b) , mostly accommodate three dots symmetrically. The average height and width of individual nanodots are 6 and 80 nm, respectively, and are fairly uniform in the patterns P 1 , P 2 and P 3 as recognized in Figs. 2(a) and 2(b) . Magnified DFM images of a nanodot array in P 3 and a single dot in P 1 are shown in Figs. 2(c) and 2(d), respectively. In the patterns P 3 some dots exist at irregular positions and some small dots are observed, suggesting weaker force to align the nanodots as will be discussed later.
In Fig. 3 the number of ZnO nanodots is plotted against the length of nanopatterned lines. The number of ZnO nanodots linearly increases against the length of the nanopattern. This means that the average distance or density of nanodots is almost constant, which may be determined by the growth conditions and/or the width and depth of the nanopatterned lines. These phenomena can be translated as that the ZnO nanodots are "self-tailored" according to the dimensions of nanopatterns, i.e., where the nanodots will be and where we can build the nanostructure block are predetermined before the growth and are arbitrarily controlled by the nanopatterns. Especially for the nanopatterns P 1 and P 2 , the self-tailoring effect is obvious, i.e., the arrangement of one or two nanodots was very uniform, symmetrical and reproducible. On the other hand the arrangement tends to be random for the patterns L > 2 mm. In other words, the self-tailoring effect becomes "weak" for the patterns L > 2 mm.
The reliable formation of self-tailored 1D ZnO nanodot arrays is due to formation mechanisms responsible for initial nucleation. One of the plausible keys may be the accumulation and diffusion of Ga atoms produced by FIB. Recently, Kammler et al. 12) showed that the formation of Ge islands could be controlled without modifying surface morphologies by Ga þ ions in FIB and annealing treatments. In addition, they found that Ga þ ion irradiation and thermal annealing allowed direct control of individual Ge island nucleation sites by a surfactant effect of the implanted Ga. Based on this result, it is expected in our experiments that Ga atoms diffuse along the nanopatterned lines during the MOCVD growth and form the preferential nucleation sites, followed by the formation of self-tailored 1D ZnO nanodot arrays in the FIB-nanopatterned lines. Another possibility is the generation of Ga þ ion-induced defects on the SiO 2 surface such as dangling bonds, allowing the preferred nucleation to be enhanced. Zn adatoms introduced into the MOCVD reactor move on the SiO 2 surface and along the nanopatterned lines in order to form stable nuclei. Zn adatoms diffuse from the SiO 2 surface to the Ga-introduced surface areas and/or Ga þ ion-induced defects on SiO 2 , which act as preferential nucleation centers. Thus the nanopatterned lines become artificial traps for diffusing Zn adatoms, and ZnO nuclei are formed by the reaction with oxygen adatoms. As the coalescence of the organized ZnO nuclei occurs by Oswald ripening, a characteristic distance between closely located nanodots is evolved. The formation of the almost constant characteristic distance might be also due to the strain field introduced by the Ga-localized points and/or Ga þ ion-induced defects.
13) However, we could not exactly confirm the presence of Ga atoms on FIB-nanopatterned areas by energy-dispersive x-ray analysis due to a too low Ga signal, and therefore the detailed mechanism for the selftailoring of ZnO nanodots is a subject to be discussed in the future.
RT CL spectrum of the ZnO nanodots in nanopatterned lines in shown in Fig. 4 . The CL spectrum consists of a broad emission band around 3.3 eV and an additional emission at around 2.8 eV. The emission band around 3.3 eV coincides with the free exciton emission (EX) from ZnO. However, the EX band of around 3.3 eV from the ZnO nanodots in CL measurements is at a slightly higher energy compared to the EX band in RT photoluminescence measurements of ZnO thin films grown on SiO 2 /Si; this is attributed to a band filling effect originated by high energy CL excitation of 20 keV rather than quantum size effects 3) considering the dimension of the ZnO nanodots in this study and the almost same position of EX energy from ZnO thin films on SiO 2 /Si substrates. Because the same emission band at around 2.8 eV is always observed from our SiO 2 /Si substrates by CL measurements, the emission band might come from defects 14) or naturally formed Si nanocrystals 15) in SiO 2 during thermal oxydation. In summary, self-tailored 1D ZnO nanodot arrays were formed by MOCVD on SiO 2 substrates nanopatterned by FIB. In the nanopatterned lines with L < 2 mm, one, two or three ZnO nanodots with the similar size were symmetrically formed as the apparent function of the length of FIBnanopatterned lines, indicating that the nanostructure blocks are arbitrarily controllable by the nanopatterns. We have confirmed by CL measurements that the CL emission comes from the highly ordered self-tailored ZnO nanodot arrays. This self-tailoring phenomenon would be satisfied in other material systems and can be a useful tool for nanoscale photonic applications such as semiconductor photonic bandgaps, nanosized photonic elements and nanoscale lasers without the selection limit of material systems. In addition, it is note-worthy that our self-tailored ZnO nanodot arrays were formed on electrically insulating SiO 2 substrates, which suggests that there ZnO nanodot arrays on SiO 2 could be also applied for novel nanoscale multifunctional electronic devices.
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